Glutamate transporters clear synaptically released glutamate to maintain precise communication between neurons and limit glutamate neurotoxicity. Although much progress has been made on the topology, structure, and function of these carriers, few studies have addressed large-scale structural motions collectively associated with substrate transport. Here we show that a series of single cysteine substitutions in the helical hairpin HP2 of excitatory amino acid transporter 1 form intersubunit disulfide cross-links within the trimer. After cross-linking, substrate uptake, but not substrate-activated anion conductance, is completely inhibited in these mutants. These disulfide bridges link residue pairs >40 Å apart in the outward-facing crystal structure, and can be explained by concerted subunit movements predicted by the anisotropic network model (ANM). The existence of these global motions is further supported by the observation that single cysteine substitutions at the extracellular part of the transmembrane domain 8 can also be cross-linked by copper phenanthroline as predicted by the ANM. Interestingly, the transport domain in the un-cross-linked subunit of the trimer assumes an inward-facing orientation, suggesting that individual subunits potentially undergo separate transitions between outward-and inward-facing forms, rather than an all-or-none transition of the three subunits, a mechanism also supported by ANM-predicted intrinsic dynamics. These results shed light on how large collective motions contribute to the functional dynamics of glutamate transporters. N euronal and glial excitatory amino acid transporters (EAATs) function to clear glutamate from the extracellular (EC) space during neurotransmission, thus enabling precise excitatory signaling. Glutamate transport also limits the neuronal death that can be triggered by excess EC glutamate (1). These carriers belong to a secondary active transporter family that utilizes the driving force stored in ion electrochemical gradients to enable the uphill translocation of their substrates (2, 3). In addition, EAATs mediate a thermodynamically uncoupled anion flux (4, 5), which has been proposed to serve as a feedback sensor to reduce cell excitability (6).
Glutamate transporters clear synaptically released glutamate to maintain precise communication between neurons and limit glutamate neurotoxicity. Although much progress has been made on the topology, structure, and function of these carriers, few studies have addressed large-scale structural motions collectively associated with substrate transport. Here we show that a series of single cysteine substitutions in the helical hairpin HP2 of excitatory amino acid transporter 1 form intersubunit disulfide cross-links within the trimer. After cross-linking, substrate uptake, but not substrate-activated anion conductance, is completely inhibited in these mutants. These disulfide bridges link residue pairs >40 Å apart in the outward-facing crystal structure, and can be explained by concerted subunit movements predicted by the anisotropic network model (ANM). The existence of these global motions is further supported by the observation that single cysteine substitutions at the extracellular part of the transmembrane domain 8 can also be cross-linked by copper phenanthroline as predicted by the ANM. Interestingly, the transport domain in the un-cross-linked subunit of the trimer assumes an inward-facing orientation, suggesting that individual subunits potentially undergo separate transitions between outward-and inward-facing forms, rather than an all-or-none transition of the three subunits, a mechanism also supported by ANM-predicted intrinsic dynamics. These results shed light on how large collective motions contribute to the functional dynamics of glutamate transporters. N euronal and glial excitatory amino acid transporters (EAATs) function to clear glutamate from the extracellular (EC) space during neurotransmission, thus enabling precise excitatory signaling. Glutamate transport also limits the neuronal death that can be triggered by excess EC glutamate (1) . These carriers belong to a secondary active transporter family that utilizes the driving force stored in ion electrochemical gradients to enable the uphill translocation of their substrates (2, 3) . In addition, EAATs mediate a thermodynamically uncoupled anion flux (4, 5) , which has been proposed to serve as a feedback sensor to reduce cell excitability (6) .
EAATs are thought to function through an alternating access mechanism, in which the structure alternates between outwardand inward-facing states to expose the substrate-binding site to either EC or intracellular (IC) environments (7) . Our understanding of this mechanism has been greatly expanded by structural and functional studies of prokaryotic and mammalian glutamate transporters (for a review, see ref. 8 ) and by several high-resolution structures of an archaeal ortholog, Glt Ph (9) (10) (11) . Glutamate transporters are trimers comprised of identical subunits containing two domains: an N-terminal domain with six transmembrane (TM) α-helices, also referred to as the trimerization domain, and a C-terminal transport domain containing essential binding sites for substrate and cotransported ions. The transport domain is comprised of two opposite-facing helical hairpins (HP1 and HP2), a helix interrupted by a β-linker (TM7) and an amphipathic helix (TM8).
The two helical hairpins, HP1 and HP2, cradle the substratebinding site, and have been proposed to act as inner and outer gates, respectively (9) . During transport, substrates and cotransported ions alter the solvent accessibility of HP2, implying that the region undergoes conformational changes (12, 13) . Molecular dynamics (MD) simulations revealed that the HP2 loop possesses an intrinsic, structure-induced ability to open up, exposing the substrate-binding site to the aqueous basin, and to close down after substrate and sodium binding, thus acting as an EC gate (14) . Several studies also support the idea that conformational changes in HP1 are required to release substrate intracellularly. Residues at the HP1 loop are accessible to water and hydrophilic agents from both sides of the membrane (15) , and it has been proposed that the inward movement of HP1 results in the opening of a pathway between the binding pocket and the cytoplasm (16) .
In addition to these local opening and closing motions associated with HP1 and HP2, a recent crystal structure of Glt Ph captures an inward-facing state of the transporter in which the Cterminal transport domain of each subunit has moved approximately 18 Å toward the cytoplasm [Protein Data Bank (PDB) ID 3KBC] (11). This large-scale movement, also consistent with computational predictions (17) , exposes the transport domain to the IC environment and predisposes the structure to release the bound substrate to the cytoplasm. Thus, local conformational changes of HP1 and HP2 allow for the opening or occlusion of the substrate-binding site, whereas the movement of the transport domain provides a means for transition between outwardand inward-facing states. Whether other large-scale movements exist and regulate carrier functions remains to be elucidated.
In the present study, we use cysteine cross-linking and computational analyses to identify a series of large-scale collective motions that are intrinsic to glutamate transporter trimers. These collective motions are functionally important for substrate transport, but not the substrate-gated anion conductance. Furthermore, we show that these collective motions are coupled to the inward movement of the transport domain, and thus serve a critical function to enable alternating access.
Results

Inhibition of Substrate Transport by Copper Phenanthroline (CuPh) in
Single Cysteine Substitution Mutants in HP2b. We previously used CuPh-catalyzed cross-linking of cysteine pairs introduced into a highly functional cysteineless version of human EAAT1 (CSLS) to show the critical roles of HP2 in initial substrate binding and HP1 in later translocation steps (18) . Unexpectedly, treatment of a single cysteine mutant, V449C, with CuPh (300 μM) for 5 min abolishes transport activity at both low (5 μM) (Fig. 1A) and high (up to 1 mM, Fig. S1A ) L-glutamate concentrations. More surprisingly, further treatment of the CuPh-treated V449C with 20 mM DTT to reduce disulfide bonds not only recovers, but also increases substrate transport, suggesting these bonds form spontaneously (Fig. 1A) . Indeed, treatment with DTT alone also enhances the transport activity of V449C. V449C readily forms these cross-links with a second-order rate constant of 1;790AE 262.8 M −1 s −1 . Moreover, Cd 2þ (100 μM), which can coordinate thiol groups of cysteine residues in close proximity (19) , significantly inhibits the transport activity of V449C (Fig. 1A) . We also explored the effect of CuPh on the mutant I453C, a residue one helical turn away from V449. CuPh (300 μM) significantly inhibits the uptake activity of I453C (approximately 50%, Fig. 1B ). The remaining transport activity appears to arise from un-cross-linked I453C, because additional treatment with a thiol-modifying reagent, 2-(trimethylammonium)ethyl] methanethiosulfonate bromide (MTSET), or prolonged incubation with CuPh further reduces its activity (Fig. S1B) . The inhibition of I453C by CuPh can be completely reversed by DTT, but no enhancement of transport activity is seen as for V449C (Fig. 1B) .
Residues V449 and I453 are located at the N terminus of helix HP2b, which along with HP2a forms the helical hairpin HP2 (Fig. 1C) . Examination of cysteine substitutions near the HP2 loop demonstrates that several residues in this region readily form disulfide bonds. Upon treatment with CuPh, the uptake activity of L448C is also completely inhibited ( Fig. 2A) . Furthermore, DTT treatment not only recovers, but also significantly increases transport activity of this mutant, to an even greater degree than it does for V449C (Fig. 2B) . In contrast, substrate transport by carriers with mutations near the C terminus of HP2b (L455C, T456C, and V458C) is not inhibited by CuPh, indicating that they do not achieve sufficient proximity to form disulfide bonds.
CuPh Induces Cross-Linking Between Two Subunits in the Same Trimer.
Because V449C and I453C contain only one cysteine per subunit within the trimers, the disulfide bridges observed must span two subunits ( Fig. 1D ), and should be readily detectable as dimers by nonreducing SDS-PAGE. We employed Xenopus oocytes for this experiment because EAATs tend to migrate as oligomers on polyacrylamide gels when overexpressed in COS7 cells. In oocytes, CuPh and DTT have similar effects on the uptake activity of V449C and I453C as in COS7 cells (Fig. 3) . When analyzed by nonreducing SDS-PAGE, CSLS transporters migrate as two species at a molecular mass of approximately 70 and 50 kDa, corresponding to fully glycosylated and unglycosylated/partially glycosylated monomers, respectively. With V449C and I453C, an additional approximately 140 kDa species appears upon treatment with CuPh, consistent with the predicted size of a crosslinked dimer. This high molecular weight band disappears when V449C-expressing oocytes are further incubated with DTT. The mutant I453C shows a stronger dimer-band signal compared to V449C, although transport by I453C is less dramatically inhibited after cross-linking (Fig. 3) . Additional experiments revealed that the V449C cross-links are less stable during oocyte membrane pre- Fig. 1 . Inhibition of substrate transport by CuPh and cadmium in mutants V449C and I453C. COS7 cells were treated with 20 mM DTT, 300 μM CuPh, or CuPh followed by DTT, for 5 min. For CuPh preparation, CuSO 4 and 1,10-phenanthroline were mixed in a 1∶2 ratio prior to use. Uptake assays were performed for 10 min at room temperature using 5 μM L-½ 3 H glutamate as substrate. The effect of cadmium on transport activity was determined by including 100 μM cadmium chloride in the uptake solution. Data for V449C (A) and I453C (B) are expressed as the percent of uptake activity relative to the CSLS control. (C) Locations of V449 and I453 on the helix H2b of the HP2 hairpin, shown for one subunit (side view). (D) Estimated distances between the three V449 residues, and the three I453 residues in an EAAT1 trimer (top view). The illustrations are based on the Glt Ph crystal structure in the outward-facing state (PDB ID 1XFH) and are made using the software Pymol. Uptake assays were performed as described in Fig. 1 and data are represented as the percentage of untreated controls in two to four experiments done in triplicate. Fig. 3 . CuPh-induced cross-linking occurs between two subunits. Transporters were expressed in Xenopus oocytes and treated as indicated. Oocyte membranes were lysed and separated by nonreducing gradient SDS-PAGE and subjected to Western blotting analyses. Uptake assays in oocytes were carried out at room temperature using 5 μM L-½ 3 H glutamate as substrate for 15 min, and data are normalized to untreated controls.
paration, because we observed a similar inhibition of uptake, but a substantially more prominent V449C dimer species using a bifunctional cross-linker (1,8-octadiyl bismethanethiosulfonate, M8M) instead of CuPh (Fig. S2) . We also ruled out that the cross-linking might take place between a transporter subunit and an unknown protein of similar size (Fig. S3) , or between subunits from two adjacent trimers (Fig. S4) . Overall, our results strongly suggest that V449C and I453C form CuPh-catalyzed, DTT-reversible disulfide bonds between two transporter subunits within a single trimer.
Anisotropic Network Model (ANM) Analysis Suggests That Large Collective Motions in the Trimer Can Significantly Alter Intersubunit
Distances. The α-carbons of V449 and I453 are separated by >40 Å in the outward-facing structure of Glt Ph (PDB ID 1XFH) (Fig. 1D) and by >30 Å in the inward-facing structure (PDB ID 3KBC), even though they would need to be within 7 Å to form disulfide bonds (20, 21) . The observance of intersubunit disulfide bridges suggests that sufficiently large conformational rearrangements take place to bring the HP2b helices of two subunits together. Our recent MD simulations of outward-facing Glt Ph showed that HP2, acting as an EC gate, opens within tens of nanoseconds and displaces the HP2 loop approximately 10 Å toward the central basin (14) . In light of experimental data showing the propensity of the HP2 loop to form intersubunit cross-links, we reexamined the MD trajectories in Glt Ph , and found that the minimum distance between the α-carbons of I361 residues (V449 in EAAT1, see sequence alignment in Fig. S5 ) is approximately 30 Å, too great a distance for disulfide bond formation. Clearly, larger movements, outside the range of MD simulations, are required to explain the data. Thus, we turned to ANM analysis (22, 23) to investigate the large collective dynamics of Glt Ph .
ANM analysis allows assessment of the collective fluctuations or so-called global motions that are intrinsically accessible to a given structure under physiological conditions. In this approach, the structure is modeled as a network of harmonic oscillators. The nodes of the network are identified by the α-carbons and the springs, usually taken to be uniform (identical force constants), account for interresidue interactions. The collective dynamics of such a network is uniquely defined by the network topology and resolved by a normal mode analysis into 3N-6 modes of motions. The shape and frequency of each mode k is described by the eigenvector u k and eigenvalue λ k , respectively (see SI Materials and Methods. The top-ranking modes are characterized by lowfrequency/large-amplitude movements that generally occur within a micro-to millisecond time range. These so-called softest modes usually play a dominant role in defining the structural changes involved in the biological activity of the protein, as has been demonstrated for both water-soluble and membrane proteins (22) (23) (24) (25) . In the case of Glt Ph , three softest modes are distinguished by their high collectivity. The first two (modes 1 and 2) are degenerate -i.e., they have same frequency and complement each other. In these modes, two subunits move toward each other, while the third moves outward, and vice versa (Fig. 4A) . The third (mode 3) is a nondegenerate mode that cooperatively induces a symmetric opening/closing of all three subunits (Fig. S6A) . We refer to these modes as asymmetric stretching/contraction (modes 1 and 2), and symmetric opening/closing (mode 3). These modes are described in Movies S1-S3. Fig. 4B illustrates the potential change in intersubunit distances of residues in HP2 as the molecule would gradually move along the asymmetric stretching/contraction mode. Residues in HP2b, particularly those at the N terminus of the helix, tend to come into close proximity, whereas those at the C terminus remain well separated (Fig. 4B) , consistent with our experimental data. Similar results were also observed in symmetric mode (Fig. S6B) . In principle, a multitude of modes simultaneously drive the dynamics of the carrier to bring HP2 domains together, with the softest modes, including the two shown here, providing the largest contributions.
Interestingly, the analysis of global motions suggests that residues at the N terminus of TM8 also come into close proximity (Fig. 4B) . Inspired by this observation, we substituted cysteines for several additional residues in this region and examined the effects of CuPh and/or DTT on transport activity. Fig. 4C shows the uptake activity for TM8 mutants I469C, A470C, and W473C. Consistent with the residue proximities predicted by ANM analysis, the transport activity of these mutants is significantly impaired by CuPh, and this inhibition can be reversed by DTT. The second-order rate constants for I469C, A470C, and W473C are 6;375 AE 1;344, 372 AE 116, and 5;882 AE 2094 M −1 s −1 , respectively. Furthermore, I469C and W473C form spontaneous cross-links, because DTT significantly increases their uptake activity compared to untreated controls. We also observed dimerband signals in I469C and W473C after treatment with the bifunctional cross-linker M8M (Fig. S2C) . These data confirm and reinforce the idea that large collective motions of glutamate transporters, consistent with the softest modes predicted by the ANM analysis, underlie the unexpected proximities of residues within the trimer.
The Un-Cross-Linked Subunit of the V449C Trimer Faces Inward. One critical step in the glutamate transport cycle is the inward movement of the transport domain of each subunit, which enables the IC release of substrate and cotransported ions (11) . We hypothesized that the large collective motions might be important for the transport domain movement. To test this idea, we focused on the V449C mutant, which exhibits a high propensity to cross-link and Intersubunit distances of residues in HP2 and TM8 (based on Glt Ph C α atoms between two approaching subunits) are significantly altered along the asymmetric stretching/contraction mode. The thick red curve refers to the equilibrium distances derived from the X-ray structure (PDB ID 1XFH), and the series of curves above and below refer to different extents of deformation along this softest mode in the positive and negative directions. EAAT1 residue numbers are denoted in blue, below the abscissa. (C) Inhibition of substrate transport in mutants with single cysteines substituted into the N terminus of TM8. Cross-linking and uptake assays were performed as described in Fig. 1. asked whether the un-cross-linked V449C subunit within the trimer is in an outward-or inward-facing state.
In the inward-facing conformation of Glt Ph , distinct sets of residues are accessible to the EC and IC environment (Fig. 5A) . We first determined whether the V449C residue in the un-crosslinked subunit is accessible by either an irreversible (N-ethylmaleimide, NEM) or a reversible (MTSET) thiol-modifying reagent applied from the outside. Earlier studies have shown that modification of V449C abolishes substrate transport (26) . If NEM could modify the V449C residue in the un-cross-linked subunit, uptake activity should be reduced by as much as one-third, assuming the three subunits operate independently as has been proposed (27, 28) . Our results showed that V449C-expressing cells sequentially treated with CuPh/NEM/DTT exhibit uptake activity comparable to those treated with CuPh/PBS/DTT or CuPh/ MTSET/DTT (Fig. 5B) , suggesting either that the single free cysteine in the V449C trimer is inaccessible to NEM or that modification in one subunit does not affect trimer function. To exclude the latter possibility, we used a biotin-conjugated thiolmodifying reagent (maleimide-PEO 2 -biotin) to react with free cysteines. Although the un-cross-linked V449C carrier can be readily biotinylated and affinity purified, the residue no longer reacts with the maleimide-based biotin reagent after cross-linking (Fig. 5C) . Thus, V449C in the un-cross-linked subunit is inaccessible to modification reagents, indicating that the un-cross-linked subunit exists in an inward-facing conformation.
An earlier study reported that several cysteine substitutions in HP1, TM7, and TM8 of a rat glutamate transporter (GLT-1) display increased accessibility to the membrane permeable reagent, NEM, when external sodium was replaced by potassium, a condition expected to increase the proportion of inward-facing transporters (16) . Similarly, several equivalent residues in EAAT1 (A355C, T368C, L376C, and V390C) are exposed intracellularly as the transport domain moves toward the cytoplasm (Fig. 5A and  Fig. S7 ). We introduced these conformationally sensitive cysteines into the V449C mutant and asked if these residues were accessible intracellularly in the un-cross-linked subunit after V449C cross-linking. As a control, we used the membrane impermeant reagent, MTSET, to protect V449C residues from further modification and to lock transporters in an outward-facing conformation (26) . In addition, cells were pretreated with DTT to reverse spontaneous V449C cross-links. We found that transport by V449C_L376C is significantly inhibited after sequential treatment with DTT/CuPh/NEM/DTT when compared with DTT/ MTSET/NEM/DTT. Other double mutants (V449_A355C, V449C_T368C, and V449C_V390C) show no differences in substrate transport between the two treatments (Fig. 5D) . In addition, significant amounts of V449C_L376C can be affinity purified using a membrane-permeable biotin-conjugated thiolmodifying reagent (maleimide-biotin) after cross-linking, but not for the mutant V449C_T368C (Fig. 5E ). L376C is most proximal to the cytoplasm among the residues tested, and would be the first exposed to the IC environment as the transport domain moves down (Fig. 5A ). These data confirm that the un-crosslinked subunit is inwardly oriented when the two remaining subunits are cross-linked extracellularly.
Glutamate Transporters Favor Stepwise Transitions Between Outward-and Inward-Facing States. To explore whether all three glutamate transporter subunits tend to undergo an all-or-none allosteric transition between inward-and outward-facing states, typical of the Monod-Wyman-Changeux model or a stepwise transition to enable alternating access, we examined the distribution of ANM modes that contribute to the transition between different states. Fig. 6 A and B illustrates four possible states and transitions between these states, with the numbers of outward/inward-facing subunits being 3∕0, 2∕1, 1∕2, and 0∕3. The states 3∕0 and 0∕3 are the experimentally resolved Glt Ph structures, and 2∕1 and 1∕2 are models reconstructed by assembling the outwardand inward-facing subunits. We asked whether the stepwise passage from 3∕0 to 0∕3 through the 2∕1 and 1∕2 conformers is more accessible compared to the all-or-none passage between the two end states. The cumulative overlap (described by a 3N-dimensional difference vector d; see SI Materials and Methods) represents the degree to which each subset of modes, starting from the slowest, contributes to the overall structural change between two endpoints, and thus provides a means to compare the ease of different transitions (25) . Fig. 6 C and D displays the contributions of the 50 softest modes (u k , 1 ≤ k ≤ 50) to the forward and reverse transitions around the cycle depicted in Fig. 6B . We find that each of the three transitions that involve intermediate states is achieved by fewer number of low-frequency modes (i.e., energetically more favorable) and is thus "easier" than the all-or-none transition. These results support the notion that the intermediate state we observed after cross-linking is a physically viable step toward achieving the fully inward conformation. Uptake assays were performed as described in Fig. 1 . After treatments, surface proteins were biotinylated with maleimide-PEO 2 -biotin (C) or maleimide-biotin (E) and subjected to Western blotting analyses. n.s., not significant; *, p < 0.05.
The Substrate-Gated Anion Flux Remains After Cross-Linking. In addition to transporting substrate and cotransported ions, EAATs also function as glutamate-activated anion channels. Thus, glutamate-elicited currents are comprised of a substrate-coupled component that dominates at a membrane potential of −100 mV, and a substrate-uncoupled anion component that dominates at þ60 mV. To examine the impact of cross-linking on anion channel activity, we focused on V449C, which displays minimal transport activity after cross-linking in oocytes, thus no substratecoupled current. In normal chloride solution, CSLS-expressing oocytes exhibit similar glutamate-elicited currents before and after CuPh treatment (Fig. 7A ). After treatment with CuPh, V449C-expressing oocytes still display glutamate-elicited currents that reverse near the oocyte chloride reversal potential. When DTT is added initially to reverse the spontaneous cross-links, the amplitude of glutamate-induced currents at −100 mV increases and the reversal potential becomes more positive compared to the untreated control (Fig. 7A) . In addition, when the more permeable anion NO 3 − was substituted for chloride, we observed comparable glutamate-elicited currents in V449C-espressing oocytes after DTT or CuPh treatment (Fig. 7B) . These results suggest that, remarkably, glutamate can still activate the anion conductance even when two subunits are constrained by crosslinking, and substrate transport no longer occurs.
Discussion
In contrast to the inward-facing crystal structure of Glt Ph , which was captured by intrasubunit cross-linking (K55C and A364C), our work was driven by the observation that single cysteine substitutions for residues of HP2b in the human glutamate transporter EAAT1 form spontaneous and/or CuPh-catalyzed intersubunit cross-links ( Fig. 1-3) . Substrate translocation activity is abolished in the mutant transporters as a consequence of cross-linking, but the substrate-activated anion conductance associated with the carrier is retained (Fig. 7) . The currently available outward-and inward-facing crystal structures of the Glt Ph trimer would suggest that HP2b residues in adjacent subunits are too far to form disulfide bonds. Local movements of the HP2 loop, which have been visualized as an EC-gating mechanism in our recent MD simulations (14) and implied by the Glt Ph structure bound with DLthreo-β-benzyloxyasparte (TBOA) (10), fall short of bringing two HP2b helices sufficiently close to form cross-links. ANM analysis, on the other hand, indicates two major types of large-scale motions that are energetically more favorable: an asymmetric stretching/contraction and a symmetric opening/closing of the three subunits (Movies S1-S3). Residues in the EC domains of adjacent subunits approach each other along both motions, and thus enable the formation of intersubunit disulfide bridges. In contrast, residues at the bottom of the transporter, within the membrane, remain rigid, in agreement with earlier findings (29) . Cross-linking of cysteine substitutions at the N terminus of TM8 further supports the existence of large-scale intrinsic movements of subunits predicted by the ANM (Fig. 4C) . Global motions of multimeric proteins are uniquely defined by their quaternary structures and are predicted to be similar with or without substrate bound (30) . Indeed, there is also growing evidence for the functional relevance of global movements predicted by network models in substrate-free forms (23, 31) . However, the local movements of HP2 also contribute to the HP2b cross-linking, because the binding of TBOA, which alters HP2 dynamics (13) , can inhibit the formation of disulfide bridges (Fig. S8) .
In contrast to our report, others have proposed that small-scale molecular motions of the core region are required for glutamate uptake in human glutamate transporters (32) . Using FRETassays to determine the relative positions of EC residue pairs, Koch and Larsson observed no significant differences when comparing FRET efficiencies during transport and after transport is blocked by the removal of sodium. These findings can be easily reconciled with our observations. FRET assays determine the distance of residue pairs averaged over the experimental time frame of signal acquisition when proteins undergo a broad range of conformational fluctuations. Because the large collective motions proposed in our study are likely to occur in both substrate-free and actively translocating transporters, the average distances measured by FRET assays under the two conditions would be comparable.
In fact, such collective motions are essential to the transition from outward-to inward-facing state and vice versa, during the completion of the transport cycle. After cross-linking of V449C, the un-cross-linked subunit is locked in an inwardly facing orientation, as evidenced by the inaccessibility from the EC environment of the V449C cysteine in the un-cross-linked subunit and the exposure of the L376C cysteine to the cytoplasm (Fig. 5) . Thus, cross-linking captures a conformational state of EAATs in which two subunits of the trimer approach each other in the outward-facing state while the transport domain of the third subunit moves inward. These results suggest that the large changes in structure observed in our study could be functionally linked to the inward movement of the transport domain, a critical step for substrate transport.
ANM analysis confirms that the stepwise transition of individual subunits is a more viable mechanism to enable alternating access of the transporter, compared to an all-or-none transition of all three subunits. Earlier studies introduced mutations to alter the function of one or more subunits, determined their impact on overall function, and concluded that each subunit functions independently during transport (27, 28, 33) . Although consistent with this idea, the experiments presented here, which disrupt the collective motions of the trimer, also reveal the higher-order cooperative nature of subunit-subunit interactions. Such cooperativity would not be captured in earlier studies because the mutations used would have no effect on global motions.
Remarkably, although the V449C mutant is unable to transport substrates after cross-linking, it retains substrate-elicited anion currents. We speculate that the un-cross-linked subunit in V449C is restricted in an inward-oriented conformation, which cannot be accessed by substrates to allow gating of the anion conductance. Thus, the glutamate-activated anion currents are generated by the two cross-linked subunits. Moreover, we previously showed that modification of V449C, which likely limits HP2 closure, also abolishes substrate transport, but increases the substrate-gated anion conductance (26) . It is currently debatable which step in the substrate transport cycle conducts anion currents, but our results support the idea that a conducting state occurs at an early step after substrate binding.
Materials and Methods
Analyses of Substrate Transport and Transporter-Associated Currents in Mutant Carriers. Single cysteine residues were substituted in the cysteineless EAAT1 using site-directed mutagenesis (Stratagene). Glutamate uptake assays were performed in COS7 cells and Xenopus oocytes as described in figure legends. Two-electrode voltage clamp recordings were performed in EAAT-expressing oocytes using a Geneclamp 500B amplifier (Axon instruments) (26) .
Detection of Transporter Proteins. Transporter proteins from ooctye membranes were prepared as described by Kobilka, with minor modifications (34) . For thiol-specific biotinylation assays, cells were treated with maleimide-PEO 2 -biotin (Thermo Scientific) or maleimide-biotin (Vector Labs) at 4°C for 30 min, and biotinylated proteins were affinity purified with avidin beads. The protein samples were subjected to Western blotting analysis using a polyclonal antibody against the C terminus of EAAT1 (35) .
Anisotropic Network Model Analysis. ANM analysis was performed as previously described with default parameters (22, 24) . To model the intermediate states shown in Fig. 6 , structures are constructed by assembling the individual inward-or outward-facing subunits upon superimposition of their N-terminal domains. The cumulative contribution of ANM modes to the transition between any pair of structures is described by cumulative overlap (25) . Details of these methods can be found in the SI Text.
